Introduction
T hyroid hemiagenesis is a rare congenital variant characterized by the lack of development of one thyroid lobe with no clinical manifestations. Because neither clinical symptoms nor signs are present, this variant may be incidentally detected during ultrasound screening of the neck in patients suspected to have thyroid-or other neck-associated disorders or otolaryngological disorders.
Handfield-Jones (1) reported the first case of thyroid hemiagenesis in 1866. Since then, numerous studies involving autopsies, postmortem examinations, and surgical cases have been performed (2) . The first reported prevalence of thyroid hemiagenesis detected by systemic ultrasound examination in normal children and young adults was 0.2% in a study conducted in Belgium (3) .
After the Fukushima Daiichi Nuclear Power Plant accident following the Great East Japan Earthquake in 2011, the Fukushima prefectural government initiated the Fukushima Health Management Survey, which involved mass ultrasonographic thyroid screening. A request was made to clarify the existence of effects of low-level radiation exposure such as thyroid abnormalities, especially thyroid cancer, in Fukushima Prefecture (4) . This request was based on the significant increase in cases of radiation-associated thyroid cancer following the Chernobyl accident in 1986 (5) . Throughout the course of the study, approximately 70 patients with asymptomatic thyroid deformity were identified. No reports to date have mentioned either the prevalence of thyroid hemiagenesis in Japan or the presence/absence of hemiagenesis among nearly 300,000 subjects systematically estimated worldwide. This study describes the difference in the occurrence of thyroid hemiagenesis between the right and left sides and between sexes, as well as the prevalence of hemiagenesis in Japan. It also provides statistical evidence of enlargement of the intact thyroid lobe in patients with hemiagenesis using reference thyroid volume parameters to substantiate the presence of compensatory hypertrophy of the thyroid gland.
Materials and Methods

Primary thyroid ultrasound examination
The thyroid ultrasound examination of the Fukushima Health Management Survey was performed on approximately 360,000 subjects who were living in Fukushima Prefecture at the time of the accident and were aged £18 years on March 11, 2011, as previously reported (6) . In brief, the participation rate was 80.2% for subjects aged 0-23 years at the time of the first baseline survey. An ultrasound volumetric examination was performed using a commercial ultrasound machine equipped with a linear array probe (10) (11) (12) , and all subjects were evaluated for the presence thyroid nodules and cysts (7) . The width, thickness, and height of each lobe were measured, and the volume of each lobe was calculated using the mean elliptical shape volume, determined as follows: p/6 · width · thickness · height. In addition, any extra-or intrathyroidal ultrasound abnormalities (e.g., dysgenesis of the thyroid, lymph node swelling, or enlargement of the intrathyroidal thymus, ultimobranchial body, and/or thyroid) were detected. The frequencies of thyroid agenesis and hemiagenesis were calculated among 299,908 subjects. Some data were not obtained for 3044 subjects because of difficulty performing the thyroid measurements. In addition, the quality of either the height or weight measurement was unsatisfactory for 4412 subjects; these individuals were eliminated from the study. In total, 292,452 subjects (147,575 males) were completely examined and underwent thyroid volume assessment. The subjects with thyroid hemiagenesis were subsequently compared to normal subjects. The normal thyroid volume for each sex and age was calculated using data from all 292,452 subjects after excluding 79 subjects with agenesis or hemiagenesis with complete determination of the body surface area. The body surface area was calculated by the DuBois formula (8) . The current study was approved by the Ethics Committee of Fukushima Medical University (No. 1318). Written informed consent was obtained from all surveyed subjects or the parents of subjects <18 years of age. Brief medical records, such as data regarding medications, medical history, and family history, were obtained by a questionnaire. The raw data used to create all tables in the present study are unavailable due to a restriction outlined in the informed consent agreement.
Statistical analysis
Fisher's exact test for categorical variables was used to compare differences in right, left, and right + left (total) hemiagenesis between the two sexes using IBM SPSS Statistics for Windows v19 (IBM Corp., Armonk, NY; Table 1 ). The difference in the thyroid volume was analyzed using analysis of covariance (ANCOVA). All p-values refer to ANCOVA, adjusted for sex, age, and sex-and age-specific body surface area. Because the body surface area was closely associated with age at the time of surveying (Pearson's correlation coefficient = 0.918), sex and age adjustments were applied for body surface area using a residual model when performing all analyses. Further, because the body surface area was closely associated with the body mass index (Pearson's correlation coefficient = 0.734), the body mass index was eliminated as a covariate. Multivariate regression analysis was used to determine whether sex, age, sex-or age-specific body surface area, or the presence/absence of hemiagenesis independently affected the contralateral hemithyroid volume.
Results
Prevalence of thyroid agenesis as determined by thyroid ultrasound examination
Among all 299,908 subjects, 13 (12 female) had agenesis of both thyroid lobes. All 13 subjects were taking medication or receiving routine checkups for thyroid function at the time of the survey.
Prevalence of thyroid hemiagenesis characterized by laterality
As shown in Table 1 , 67 (0.02%) subjects had left or right hemiagenesis. The prevalence of right hemiagenesis (12 subjects) was significantly lower than that of left hemiagenesis (55 subjects; p < 0.001).
Prevalence of thyroid hemiagenesis characterized by sex
The female:male ratio was 1.67:1.00, although there was no significant difference ( p = 0.067). Specifically, right hemiagenesis was diagnosed in 12 subjects, 10 of whom were The box-and-whisker plot in Figure 1 shows the 2.5th, 25th, 50th, 75th, and 97.5th percentiles of the thyroid volume according to sex and age. Supplementary Tables S1 and S2 show the 2.5th and 97.5th percentiles of width, thickness, height, and volume for each sex according to age and body surface area, respectively (Supplementary Data are available at www.liebertpub.com/thy).
Thyroid volume in subjects with hemiagenesis
Multivariate regression analysis demonstrated that sex, age, body surface area, and hemiagenesis independently affected the remaining hemithyroid volume (Table 2 ). Age was the strongest factor affecting the hemithyroid volume among the four factors studied. In addition, the sex-and age-specific body surface area independently affected the hemithyroid volume in either right or left hemiagenesis.
To compare the intact thyroid volume between subjects with hemiagenesis and normal subjects, ANCOVA was performed after adjusting for body surface area. As shown in Table 3 , the intact thyroid volumes in subjects with hemiagenesis were significantly larger than those of the ipsilateral lobes in normal subjects after correcting for body surface area. When the same analysis was performed between male and female subjects and among four age groups, the results were similar to those obtained from the entire cohort.
Discussion
This is the first in-depth survey of thyroid hemiagenesis and calculation of reference values for thyroid volume by systematic ultrasound examinations of approximately 300,000 subjects aged 0-23 years in Japan.
All subjects were screened for bilateral thyroid agenesis by performing an ultrasound examination. Subjects with an ectopic thyroid may have been included among those in whom thyroid agenesis was detected. Thus, the actual number of subjects with complete thyroid tissue defects may be lower than the results of the present study show. The reported overall prevalence of congenital hypothyroidism ranges from 0.025% to 0.050% (9) , and the reported prevalence of congenital hypothyroidism in Japan is 0.028% (1/3472) (9) . Approximately 80-90% of reported cases are due to developmental defects of the thyroid gland (10) . Thus, using the findings of the two aforementioned studies, the calculated prevalence of thyroid defects is 0.023-0.026%. However, the prevalence of thyroid agenesis in the present study was lower than that in previous reports. Because this study was based on a voluntary survey and thyroid agenesis is symptomatic (in contrast to hemiagenesis, which is asymptomatic), screening bias is a possible explanation for the low prevalence of thyroid agenesis. Additionally, thyroid hormone replacement may have resulted in shrinkage of the residual thyroid gland in some subjects with agenesis.
Several reports have determined the prevalence of thyroid hemiagenesis outside Japan. According to a study of an area endemic for goiter, 16/71,500 (0.022%) subjects reportedly FIG. 1. Box-and-whisker plots showing distributions of thyroid volume according to age and sex. The width, thickness, and height of each lobe were measured, and the volume of each lobe was calculated by the mean elliptical shape volume, determined as follows: p/6 · width · thickness · height. The sum of the volume of both lobes was the thyroid volume. The boxes represent the 25th and 75th percentiles, and the horizontal lines within the box represent the median values. The whiskers represent the 2.5th and 97.5th percentiles. Each value was plotted by age in (a) female and (b) male subjects. had thyroid hemiagenesis (11) . In the same study, a large meta-analysis revealed an estimated 0.05% prevalence of thyroid hemiagenesis. There was a left-to-right ratio of thyroid hemiagenesis of 3.6:1.0, with an isthmus present in 44%, and the female:male ratio was 3.0:1.0.
Among unselected 11-to 14-year-old schoolchildren from southeastern Sicily, 12/24,032 (0.05%) subjects reportedly had thyroid hemiagenesis. In that study, the female:male ratio was 1.0:1.4, and thyroid hemiagenesis developed in the left lobe in all subjects (12) . Furthermore, in a study of 4004 asymptomatic schoolchildren in the iodine-sufficient area of northern Poland, two (0.05%) subjects were found to have thyroid hemiagenesis (13) . In a Turkish study of a sample of the general population, the prevalence of thyroid hemiagenesis detected using ultrasonographic screening was 0.25%. (14) . A separate Turkish study of 6242 subjects reported 10 (0.16%) cases of hemiagenesis (8 females), although all subjects were outpatients with various disorders (15) . In Japan, two (0.05%) cases were reported among 4365 schoolchildren volunteering in an ultrasonographic study (16) . Taken together, the findings of the aforementioned reports demonstrate that the prevalence of thyroid hemiagenesis is approximately 0.02-0.05% in normal subjects. The reported prevalence, sex ratio, and laterality are summarized in Table 4 .
In the present study, 151,374 male and 148,534 female subjects were investigated, in whom hemiagenesis was detected in 0.016% and 0.027%, respectively. Although the difference was not significant, female subjects were predominantly affected, indicating that the prevalence of and sex-related difference in hemiagenesis are in agreement with previous reports. However, no sex-related difference in left hemiagenesis was observed in the present study. The significant sex-related difference observed in right hemiagenesis may indicate the contribution of sex-related factor(s) to the development of right but not left hemiagenesis. A significant female predominance was observed in the development of ectopic thyroid glands but not in athyreosis (17) . Genetic factors in thyroid development may affect the predominance of thyroid dysgenesis, especially the development of hemiagenesis and ectopic thyroid in females. The laterality of abnormal thyroid development may be affected by some sexrelated factors, similar to the development of ectopic thyroid. The thyroid volume in Japanese children and young adults who underwent thyroid ultrasound examination as the initial preliminary survey from October 9, 2011, to March 31, 2012, was previously reported (7). The current study reports the thyroid volumes of a total of 292,428 children and young adults, including the 2.5th and 97.5th percentiles of the thyroid volumes of subjects aged 20-22 years whose body surface area was 1.9 and 2.0 m 2 in females and 2.3 m 2 in males. Both iodine deficiency and excess result in an increased thyroid volume, although measurement of the thyroid volume with ultrasound should be standardized to improve comparability (18) . The reported median urinary iodine concentrations in Fukushima Prefecture were 180.5 lg/L in the Hamadori area and 212.0 lg/L in the Nakadori and Aizu area (19) , indicating that the iodine intake is not at low levels that may affect thyroid volume.
Because thyroid hemiagenesis is suspected to be congenital, the contralateral thyroid is thought to be stimulated by thyrotropin through a negative feedback mechanism that compensates for the unilateral thyroid defect. Thus, subclinical hypothyroidism may induce enlargement of the thyroid gland in some cases. As expected, the presence of hemiagenesis independently increased the volume of the intact thyroid lobe among the factors of sex, age, and body surface area. ANCOVA also showed that the intact lobes of the thyroid in subjects with hemiagenesis were larger than the ipsilateral lobes in normal subjects. These results were consistent when the calculations were performed according to sex and age group. Because only two subjects had hemiagenesis in the male group and the 17-to 23-year-old age group, a statistical analysis was not performed. All statistical analyses were performed after correction for body surface area in terms of the relationship between thyroid volume and hemiagenesis. Notably, hemiagenesis itself may cause changes in body surface area because the thyroid volume was associated with the body surface area in the present study and the preliminary survey (7) . To the best of the authors' knowledge, this is the first report to provide statistical evidence that an intact thyroid lobe in patients with hemiagenesis is larger than a healthy ipsilateral thyroid lobe.
In conclusion, the present study revealed that the prevalence of thyroid hemiagenesis is 0.02%, with a female:male ratio of 1.67:1.00. These data are equivalent to those previously reported. It is possible that sex affects thyroid morphogenesis, especially in terms of lateral development of the gland, although further investigation is needed to confirm this. 
